DOX-conjugated ligand synthesis.
Carboxyl group of the designed spacers is activated by the previously reported method. 0.81 g (M w : 218.36, 3.7 mmol) 11-mercaptoundecanoic acid (Aldrich) dissolved in 20 mL dimethylsulfoxide (DMSO) is reacted with 0.85 g (7.35 mmol) N-hydroxysuccinimide (NHS) and 1.5 g (7.35 mmol) N,N′-Dicyclohexylcarbodiimide (DCC) under nitrogen atmosphere for 12 hr. Thus, the carboxylic acid:NHS:DCC = 1:2:2. The activated acid is then reacted with the amine group of the doxorubicin (DOX). 1 g (Fw: 543.52, 1.8 mmol) DOX is dissolved in triethylamine (TEA) at room temperature for 24 hrs. 0.57 g (Fw: 154.19, 3.7 mmol) 4-mercapto benzoic acid is reacted with same amount of NHS and DCC used for 11-mercaptoundecanoic acid, followed by the purification aforementioned. 0.1 g carboxymethylPEG 1000thiol (Laysan Bio) and 0.5 g carboxymethylPEG 5000thiol (Laysan Bio) are reacted with 1.5 g NHS, 2.25 g DCC and 0.27 g DOX. All the reaction mixtures are dialyzed using Spectra/Por  7 membrane (1,000 Da cut) against Milli-Q water. The peptide linkage between the spacer molecule and DOX is expected to be cleaved and DOX is then released. The breakage is preferable in low pH conditions which is also possible in cytosol condition of a cell.
Doxorubicin (DOX)conjugated AuNPs.
To the 20 mL standard AuNP stock solution (1 mmol/L of Au), 0.05 mg DOX (5.5  10 12 DOX) is introduced for all the AuNP systems. The concentration of the standard AuNP solution is controlled as 2.4  10 12 AuNPs/mL. Then the number of DOX per unit AuNP is controlled as 1.15  10 3 DOX/AuNP. The reaction completion is confirmed by the absence of the thiol-ended DOX-conjugated spacer in the solvent (< 1 ppm). The fluorescence emission of free DOX occurs at around 565 nm and the absorbance of the AuNP is around 540 nm. The decrease in fluorescence intensity of DOX and the I (565nm) /I (540nm) ratio is caused from the energy transfer from DOX to AuNPs, leading to the fluorescence intensity quenching of DOX. The mixture of free DOX and AuNPs does not cause the fluorescence quenching because it would not generate energy transfer between the donor and the quencher. Meanwhile tethering DOX on an AuNP shortens the distance between the donor and the quencher, leading to the fluorescence quenching of the DOX fluorescence (Fig. S1 ).
Doxorubicin (DOX)-conjugated charged AuNPs.
To the aforementioned DOX-conjugated AuNPs, negatively and positively charged thiol ligands are further introduced to modify the surface properties of the DOX-conjugated AuNPs, 5 mL of 1 M ligand aqueous solutions are added to the above aqueous 20 mL AuNP solution: thioglycolic acid (SH-CH 2 COOH, AuNP 1) and 6-thioguanine (SH-C 5 H 4 N 5 , AuNP 2), are added and stirred at room temperature for 6 ~ 12 hr until there is no more change in color. The obtained AuNP solutions are dialyzed overnight by Spectra/Por  7 membrane (1,000 Da cut) against Milli-Q water for purification. Each AuNP image is captured using transmission electron microscopy (TEM) (JEOL Cs-corrected HR-TEM (JEM-2200FS) for AuNP 1 and 2. AuNP solutions are placed on a typical copper grid and then dried under air at room temperature. Since organic layer of the AuNPs are not clearly detected by the electron beam of TEM, gold cores with high electron density in each AuNPs are captured obviously. From this image, the average diameter of the fabricated AuNPs is confirmed at around 20 nm regardless of the type of the ligands. Glycolic acid-covered AuNP 1 is ionized in DI water because of relatively low pK a of glycolic acid (3.86). 25 Meanwhile, due to high pK a of 6-thioguanine (8.26), 26 AuNP 2 is also ionized in DI water. The concentration of the AuNP solution prepared above is the standard (1) followed by dilution (0.2 and 0.5) or enrichment (2 and 4).
Cell culture. A549 cells (human lung carcinoma cells, ATCC) were maintained as monolayer cultures in RPMI-1640 medium (GIBCO Invitrogen Corporation) supplemented with 10% fetal bovine serum and 1% penicillin streptomycin. Cells were cultured in a humidified atmosphere with 5% CO 2 at 37°C. Trypsin (0.25%)/EDTA solution was used to detach the cells from the culture flask for passing the cells. The detached cells were pelleted with slow centrifugation. Thereafter, the cells were washed with phosphate buffered saline (PBS) and stained using the PKH26 red fluorescent cell linker kit (Sigma-Aldrich), following the manufacturer's instructions. The stained cells were pelleted with slow centrifugation for microinjection.
Scanning electron microscopyEnergy-dispersive X-ray spectroscopy (SEMEDXS).
Sample preparation Instrument. SEM images are obtained using XL30SFEG (Philips) SEM connected to EDXS at an acceleration voltage of 20 kV. SEM and EDXS measurements are carried out by a XL30SFEG electron probe microanalyser equipped with a Genesis System EDAX detector. The working conditions for the EDXS line-scan analysis are performed under the condition of 20 kV voltage and 0.5 nA beam current. The beam positioning is controlled by software (Genesis software) and spectra are acquired for 100 sec at each point. The maximum depth of analysis under the given conditions is about 2 m. A semi-quantitative analysis is performed using the Tracor Series II Xray microanalysis system. For quantification of the EDXS spectra, the PRZ matrix correction procedure is employed. For more exact comparison, possible other components or impurities such as Ni and S elements are eliminated while only C, N, O (main components of the cell) and Au (main components of AuNP) are compared in percent ratio (Fig. S2 ).
Two-photon microscopy (TPM).
Experimental setup is shown in Fig. S1 . An upright microscope (BX51; Olympus) is used to build-up a point-scanning two-photon microscopy (TPM). The system is equipped with Ti:sapphire femtosecond laser (Chameleon; Coherent) and a tuning wavelength range of 680 to 1020 nm is mainly used for imaging AuNPs located in the cells. To generate two-photon effect, the laser source operates at 80 MHz repetition rate and provides 140fs pulse width. The beam first passes through a half-wave plate and then a polarizer for power control. It is expanded two times by passing a pair of plano-convex (PCX) lens. And then the expanded excitation light passes through the resonant x-y scanner (counter rotation scanner, GSI Lumonics) operating at 8 KHz scanning-speed. Galvanometer mirror (6215H; Cambridge Technology) is employed for highspeed y-axis scanning. A pair of lens is utilized to conjugate the scanner and back-aperture of the objectives. The focal length of each lens is 50 mm and 250 mm to utilize sufficient minimal aperture of objective. After passing the scanner, the excitation beam goes through the 680 nm short-pass dichroic mirror (680dcspxr; Chroma) and the 680 nm long-pass dichroic mirror (680dcxxr, Chroma) before entering the objective lens. The scanned excitation light is focused onto the specimen through the objective lens (XLUMPLFLN-W 20X/1.0 water immersion; Olympus). The focused excitation light induces two-photon effect in the specimen emitting fluorescence. The emitted fluorescence goes back to the objective lens and reflects along the detection path by 680 nm long-pass dichroic mirror. The reflected fluorescence passes through a pair of lens to improve image acquisition efficiency, and 2-inch dichroic mirrors are used to focus more fluorescence by improving the imaging depth. Thereafter, the emission fluorescence is transmitted and reflected by 570 nm long-pass dichroic mirror (570dc, Chroma). Each of them is collected by corresponding photomultiplier tubes (PMTs, R5929, Hamamatsu) to generate two-color image. Signals from the PMTs are processed by a frame grabber (Alta, Bitflow) and two-color images are displayed in real time. The piezo stage (P725; PI) is used to control the depth profiles.
Fluorescence -activated cell sorting (FACS) analysis.
Sample preparation. A549 cells (human lung carcinoma cells, ATCC) are maintained as monolayer cultures in RPMI-1640 medium (GIBCO Invitrogen Corporation) supplemented with 10% fetal bovine serum and 1 % penicillin streptomycin. Cells were cultured in a humidified atmosphere with 5 % CO 2 at 37°C. Trypsin (0.25 %)/EDTA solution is used to detach the cells from the culture flask for passing the cells. The detached cells are pelleted with slow centrifugation and resuspended in their culture media. 2 mL of cell suspension (1 × 10 6 cells/flask) is seeded and incubated in a 12.5cm 2 tissue culture flask for 24 hr. AuNP solutions are prepared freshly under sterile conditions by diluting the stock in culture media to the designed concentration, immediately before their addition to the flasks. After removing media in the flask, 0.25 mL of AuNP solutions are added into the 0.75 mL of culture media in the flask and incubated at 37 °C and 75 rpm for an appropriately designed time (e.g., 10 min, 30 min, 1 hr or 2 hr) in the shaking water bath (Wisd Laboratory Instruments). Thereafter, the cells are washed with PBS and stained using the LIVE/DEAD fixable dead cell stain kits (Invitrogen), following the manufacturer's instructions. Fluorescence-stained cells are examined by an inverted fluorescence microscope (Axiovert 200, ZEISS) with an excitation wavelength of 350 nm and an emitting wavelength at 450 nm. And then, the cells are detached from the flask by using a scraper and loaded in the 5ml round-bottom tube (SPL Life Sciences). After centrifugation the supernatant is discarded and the pellet is resuspended in 400 L of PBS with 1% bovine serum albumin.
Instrument and analysis.
The cell suspension is analyzed by fluorescence-activated cell sorting (FACS) analysis (Gallios, Beckman coulter) using the appropriate excitation and detection channel (405 nm excitation and 450 nm emission). A total of 3,000 events are acquired per sample and the data is analyzed by using Kauza Flow Cytometry Analysis software (1.1 version, Beckman coulter). Considering that the dead cell ratio is inversely proportional to the measured cell fluorescence intensity, the normalized dead cell ratio for each AuNP and control systems are estimated by the relation below, Zebrafish preparation and cancer cell microinjection. Zebrafish was maintained in E3 embryo media (15 mM NaCl, 0.5 mM KCl, 1 mM MgSO4, 1 mM CaCl2, 0.15 mM KH2PO4, 0.05 mM Na 2 HPO 4 , 0.7 mM NaHCO 3 , 10-5% methylene blue; pH 7.4) containing 1-phenyl 2-thiourea (Sigma-Aldrich) to prevent pigmentation at 29 °C. Red fluorescence labeled cancer cell pellet and matrigel (BD Biosciences) were mixed with 1/1 (vol/vol) at 4 °C. To this call-gel mixture, doxorubicin or doxorubicin-tethered surface-modified AuNP solutions were mixed with 3/1 (vol/vol). This cell suspension mixture containing 100-200 cells was loaded into a borosilicate glass needle and implanted into each zebrafish of 4 day-post-fertilization embryo through the yolk in a single injection by using an electronically regulated air-pressure micro-injector (Eppendorf, FemtoJet express). After injection, zebrafish was washed once with E3 embryo media and examined the presence of fluorescent cells. Forty zebrafishes were selected and transferred to 24-well plate containing 1 ml of fresh E3 embryo media for photography. E3 embryo media was changed daily and maintained under normal fish husbandry conditions for 3 days.
In vivo fluorescence imaging. To immobilize the embryo for observations, zebrafish embryo was anesthetized in 0.2% Tricaine (ethyl 3-aminobenzoate, an anesthetic) solution and then was placed into a drop on 7% (wt/vol) methyl cellulose in the center of a glass-bottom dish and then covered with the cover glass. (Fig. S7 (a) ) Digital micrographs were taken with a Zeiss fluorescence microscope (Carl Zeiss Microimaging Inc., Germany) equipped with an AxioCam MRc digital CCD camera (Carl Zeiss Microimaging Inc., Germany). All images were taken in the same focal plane in brightfield and intransmitted light passing through RFP filter for PKH 26, GFP filter for eGFP and GFP/RFP filter for GFP/RFP shift free. Image was acquired by using 10× objectives. Image capture, processing and adjustment were performed with ZEISS Axiovision rel.4.8 software.
Transmission electron microscopy (TEM). Primary fixation was accomplished at 4 °C for 24 h using modified Karnovsky's fixative (2% paraformaldehyde and 2% glutaraldehyde in 0.05 M sodium cacodylate buffer at pH 7.2). The samples were washed three times with 0.05 M sodium cacodylate buffer (pH 7.2) at 4 °C for 10 min. For post-fixation, 1% osmium tetroxide in 0.05 M sodium cacodylate buffer (pH 7.2) was used at 4 °C for 2 h. After two more washings with distilled water at room temperature, en bloc staining was performed at 4 °C for 30 min with 0.5% uranyl acetate. The samples were dehydrated at room temperature for 10 min at each step with 30 %, 50 %, 70 %, 80 %, 90 %, 100 %, 100 %, and 100% ethanol. Transition was performed twice at room temperature for 15 min with 100% propylene oxide. Infiltration was performed using propylene oxide: Spurr's resin = 2:1 (for 1 h), 1:1 (for 1 h), 1:2 (for 2 h), 0:1 (for 4 h), 0:1 (for 2 h). Polymerization was performed at 70 °C for 24 h. This polymerized samples were used for X-ray imaging. After X-ray imaging, the samples were sectioned by Ultramicrotome (MT-X, RMC, Tucson, AZ, USA), and then stained with 2% uranyl acetate for 7 min, and with Reynolds' lead citrate for 2 min. TEM images were captured using JEM-1011 (JEOL, Tokyo, Japan). Synchrotron X-ray imaging. Zebrafish samples were placed on the center of sample stage. Synchrotron X-ray micro tomography images were captured at the synchrotron radiation source at 6D beamline of the Pohang Accelerator Laboratory (Pohang, Korea). The X-ray source was radiated from a bending magnet of 3.0 GeV and then monochromatized with Mo/B 4 C double multilayer monochromator (DMM). The size of the X-ray beam illuminating the sample was fitted to the field of view (FOV) using a slit module to avoid unnecessary exposure of the sample to the X-rays. The primary X-ray image was converted to a visible image on a CdW04 scintillator. Xray images were captured using an electron multiplying charge coupled device (Vieworks 11M CCD detector) camera with 4008 × 2672 pixel resolution. After mounting on the sample holder, the test sample was immersed in liquid nitrogen quickly to freeze the motion and immobilize during the experiment and to avoid dehydration by Xray beam exposure. The sample holder was set on a 3-axis stage and cold nitrogen gas was supplied to the sample from the nozzle of a cryojet. 2D X-ray projection images of the sample were taken every 0.5° while rotating the stage from 0° to 180°. The sliced images of 3D structure were numerically reconstructed from the tomography projection images using the Octopus image calculation program (Ghent Univ.). To reconstruct the 3D images (rendering process) from the reconstructed slice images, Amira ® image analysis software (Visualization Sciences Group) was employed. The 3D center positions of the packing particles were extracted after rendering the packed particles, and the 3-D distance between particles was calculated for adjacent particles selected by 100 sets. Figure S1 . Fluorescence intensity change of the DOXspacerAuNPs designed in this study. Figure S2 . Typical EDXS result of A549 treated for 4 hr with AuNP 1-I. Figure S3 . Representative SEM images of A549 cells after 48 hr AuNP treatment. There is no significant change in size and shape of the cell. However, for the AuNPs showing high incorporation efficiency, the surface of the cell becomes rougher due to membrane disintegration. 
